3) are those that severely truncate the protein, whereas
Introduction mutations in the CSA or CSB genes required for preferential removal of UV-induced lesions in template strands Oxidative damage to cellular genomes is implicated in a of genes transcribed by RNA polymerase II (RNAP II) by a variety of disease states. It arises from attack by reactive transcription-coupled repair (TCR) process, the detailed oxygen species (ROS) generated by a variety of means, mechanism of which has remained elusive (reviewed including cellular metabolism and exposure to environin Hanawalt, 1994; van Gool et al., 1997b; Thompson, mental agents such as ionizing radiation. Oxidatively 1998). damaged bases are primarily corrected by a specialized Unlike XP, CS is characterized by small size at birth base excision repair (BER) process initiated by a dual followed by severe postnatal developmental failure and function DNA glycosylase that releases the altered base early death (Nance and Berry, 1992). The clinical appearconcomitant with incision of the DNA chain by an AP ance of CS in a few patients due to mutations in the lyase activity of the same enzyme. BER is distinct from XPB, XPD, and XPG genes required for NER was initially the nucleotide excision repair (NER) pathway that resurprising. XPB and XPD are the helicase components moves helix-distorting DNA lesions as an oligonucleoof basal transcription factor TFIIH required for transcriptide (for review of both see Friedberg et al., 1995; Lindahl tion initiation by RNAP II. The role of TFIIH in NER inet al., 1997; . Important base volves DNA unwinding around the lesion to allow incidamages induced by ROS include thymine glycol (Tg) sion by two structure-specific endonucleases (Evans et and 8-oxoguanine (8-oxoG, or GO). Tg is a lethal lesion al., 1997a, 1997b). XPG makes the initial incision 3Ј to that blocks both DNA and RNA polymerases in vitro the lesion and is also required nonenzymatically for subsequent 5Ј incision by the ERCC1/XPF heterodimer . patients lacking NER due to defects in damage recognition do not exhibit CS. Thus, the distinct and far more If this is so, then cells from all CS patients irrespective of their particular genetic defect should lack TCR of severe symptoms of CS compared to XP are difficult to reconcile with the idea that CS arises from defective oxidative lesions. This prediction is tested in the present study by examination of cells with mutations in XPB and TCR if TCR is a subpathway of NER.
The observations that ionizing radiation damage is XPD. As for XP-G, there are several classes of XP-D patients, most of which have only XP but with a rare preferentially repaired in normal human cells by TCR and that both this and strand-selective removal of Tg class represented by two patients also having CS (Thompson, 1998 Table 2 ). This difference in mutation frecally different from the parental cell lines (P Ͻ 0.001), whereas the same cells transfected by the vector alone quency between classical XP and XP/CS or CS cells was highly significant using a chi-square test (P Ͻ 0.001).
Results

(data not shown). This is further supported by normal repair after X irradiation in SV40-
had the original intermediate mutation frequency (Figure 4B and Table 2 ). Thus, mutagenesis at 8-oxoG in TS in XP-G class 2 and, by extension, XP-G/CS (class 3) cells is directly attributable to loss of an XPG function. 
Rate of Removal of 8-oxoG is Dependent on Its Transcription
Unrepaired 8-oxoG Is a Block to Transcription
One possible explanation for the inability of cells lacking TCR to remove 8-oxoG when transcribed despite their capacity for its repair in the absence of transcription is that access of repair enzymes is prevented by a stalled Figure 5D ) and that it is repaired preferentially in the transcribed strand of an active gene ( Figure 5C ). One late 8-oxoG-DNA glycosylase, although this was not detected for hOGG1 by Lindahl and coworkers. The possispeculative possibility is that the block is not the lesion per se but rather the lesion with protein bound to it.
bility that a second human OGG activity (Hazra et al., 1998) may be involved in TCR is intriguing and would Indeed, the existence of an 8-oxoG binding protein in 
BER and TCR of Oxidative Lesions in Human Cells Dual Functions of Transcription-Coupled Repair
A complete block to 8-oxoG repair when the lesion is Figure 6 presents a model for repair of oxidative base damage in human cells. The mechanism of TCR is extranscribed is observed in cells lacking functional TCR machinery. We suggest that access of repair proteins pected to be much the same whether the actual repair event is by BER as presumed for oxidative lesions, by to the lesion is prevented in that case, most likely by a blocked RNAP. Results of a recent study of repair of UV NER for bulky lesions, or by some other repair process. Lesions in TS are targeted for fastest repair by a signal damage at nucleotide resolution in yeast support this conclusion for the case of transcription-coupled NER generated by arrest of RNAP ( Figure 6A ). In order for removal to proceed, the RNAP must be displaced to (Tijsterman and Brouwer, 1999) . Since in our study no repair was evident even after 3 days (Figure 5A ), the allow access of repair enzymes. Since TCR occurs more rapidly than global repair, the initiating repair enzymes, complex of RNAP with the lesion-containing DNA must be very stable in the cell, in agreement with the reported presumably glycosylase/AP lyase for oxidative lesions, may be actively recruited, although facilitated access 20 hr half-life of the ternary complex of RNAP arrested at by electroporation and transformants were selected by ampicillin probes as described for BrUra-containing repair patches but using resistance. As judged by the similar number of colonies obtained, a monoclonal antibody to Tg as previously described (Leadon and replication of the plasmid was approximately equal in all human cell Lawrence, 1992). The fraction of the fragments containing Tg (bound lines. DNA from individual bacterial colonies was prepared using by the antibody) immediately after treatment was set at 100%. DNA the Jetsar genome miniplasmid purification system (Bioprobe). The from X irradiated cells was analyzed for global removal of Tg using frequency and spectrum of mutations were determined using NgoMI a monoclonal antibody that recognizes Tg in DNA in an enzymedigestion, which cleaves only when the G:C base pair is present at linked immunosorbent assay (ELISA; Leadon, 1988) Evans, J., Maccabee, M., Hatahet, Z., Courcelle, J., Bockrath, R.,
